Discovery of novel, natural herbicides has become important to manage increasing weed resistance to synthetic herbicides and environmental issues. The systematic bioassay-guided fractionation and purification of the methylene chloride/methanol extract of the shoots of Semenovia transiliensis led to the isolation of several phytotoxic compounds. Lactuca sativa L. (lettuce, a dicot) and Agrostis stolonifera L. (bentgrass, a monocot) bioassays were used to identify and isolate the phytotoxic fractions. A number of furanocoumarin compounds isolated from S. transiliensis shoots were phytotoxic to both test species. These included psoralen, isopsoralen, heratomin, isopentenyloxyisobergapten, imperatorin, bergapten, xanthotoxin, heraclenin, and heraclenol. All the active secondary metabolites isolated from the shoots of S. transiliensis were furanocoumarins. Identification of these was accomplished using mass spectrometry and 1-and 2-dimensional NMR techniques. Phytotoxic activity of isolated compounds was evaluated in a dose-response manner from 0.3 to 1000 μM. In general, all of the compounds were more active on A. stolonifera than L. sativa. Bergaptin and xanthotoxin were the most active of the compounds, with moderate activity at 100 µM. Imperatorin and xanthotoxin inhibited growth of Lemna paucicostata Hegelm. by 50% at 29 and 60 µM, respectively. Our results show that S. transiliensis is rich in furanocoumarins, which are probably involved in various aspects of the chemical ecology of the species. Unfortunately, the general cytotoxicity of furanocoumarins makes them an unlikely candidate for pesticide discovery.
Weeds are known to cause enormous losses due to their interference in agro-ecosystems. Because of environmental and human health concerns, worldwide efforts are being made to reduce the heavy reliance on synthetic herbicides that are used to control weeds. The decline in the number of new synthetic herbicides derived from traditional screening programs and the increasing evolution and spread of weed resistance to synthetic herbicides provides impetus for natural products as important alternatives for herbicide development [6] [7] . Some plant secondary metabolites possess a wide diversity of bioactivity, including phytotoxicity. These phytochemicals might either be used directly or as a template for new synthetic pesticides [6] [7] [8] . Thus, evaluation of plants for phytotoxic compounds is a highly viable strategy for herbicide discovery. Therefore, we have screened a number of crude extracts from plants native to the Republic of Kazakhstan against A. stolonifera and L. sativa. Based on such preliminary screening of crude extracts for phytotoxicity, the methanolic/dichloromethane extract of S. transiliensis was selected for further investigation. In this paper we systematically examine S. transiliensis for phytotoxic activity. We could find no published studies on pesticidal compounds of this species. Thus, we are reporting for the first time the isolation and characterization of phytotoxic compounds from the shoots of S. transiliensis.
Shoots of S. transiliensis were extracted using methanol: CH 2 Cl 2 (1:1, v/v), providing extracts which were used for a phytotoxicityguided purification. The MeOH-DCM extract was extracted using a modified Kuptchan partitioning providing n-hexane, CHCl 3 , EtOAc, and aqueous portions. The CHCl 3 portion was further purified by column chromatography using an EtOAc/n-hexane/acetone gradient providing 17 fractions, A to Q. Phytotoxicity evaluations against lettuce and bentgrass at 1 mg/mL of these fractions suggested that fractions F, G, H, J, K and P contained the most active compounds (Table 1) . Evaluation against both test species at 1 mg/mL indicated that fractions F, G, K and P caused phytotoxicity rankings of 5, while fractions B, D, H, J, L, M, N and P caused phytotoxicity rankings of 4 or 3, against lettuce (Table 1) . However, fractions F, G, K and P caused a phytotoxicity ranking of 5 against bentgrass and fractions B, D, H, J, L and M caused phytotoxicity rankings of 4 and 3. All remaining extracts were inactive against both bentgrass and lettuce at 1 mg/mL. Using phytotoxic activity against both bentgrass and lettuce as a guide, bioassay directed fractionation of the CH 2 Cl 2 extract of the shoots was performed. Chromatographic fraction G, on further purification, yielded two white crystalline compounds 1 and 2 (Figure 1 ), identified as psoralen and isopsoralen by comparison with literature data [9] [10] [11] [12] [13] [14] [15] . Fraction H was further purified using a combination of normal phase chromatography and reverse phase (C18) HPLC providing compound 3 as white pure crystalline powder, identified as heratomin ( Figure 1 ) [10] [11] [12] [13] . Further purification of fraction J resulted in the isolation of compounds 4, 5 and 6 ( Figure 1 ), which were identified from their 1 H and 13 C NMR chemical shifts as isopentenyloxyisobergapten (4), imperatorin (5) , and bergapten (6) [16] [17] [18] [19] [20] . Additional purification of fraction M was not necessary as it was obtained as pure heraclenin (8) ( Figure 1 ) [21, 22] . Fractions K, and P were purified using reversed phase semi preparative HPLC to yield xanthotoxin (7) [11] and heraclenol (9) [20] ( Figure 1 ) as pure compounds [10] .
Compounds which had been isolated and purified using the above bioassay-guided fractionation approach were evaluated for further phytotoxic activity against both L. sativa and A. stolonifera using previously established methods (Tables 1 and 2) [23] . Compounds were evaluated from 1000 to 10 μM. Compounds 4-9 were more active against the monocot bentgrass than the dicot lettuce. Compounds 4-8 all had good activity on bentgrass at 1000 μM; however, upon dilution, the activity decreased. Activity of compound 2 was marginal at 1000 μM. Compounds 1 and 3 were also evaluated, but were inactive at all concentrations. Xanthotoxin (7) was the most active compound, also having moderate activity at 1000 µM on lettuce ( Table 2 ). 10 We have found Lemna paucicostata to be a more sensitive and quantitative bioassay for phytotocitiy [23] . Against L. paucicostata the concentrations required for 50% inhibition of growth were 29 and 61 µM for imperatorin and xanthotoxin, respectively ( Figure 2 ). These concentrations are comparable with those of some commercial herbicides in the same bioassay [23] . Hormesis (stimulation by a subtoxic concentration of a toxin) appeared to occur with imperatorin at 10 µM. Hormesis is common with natural phytotoxins [24] .
All the phytotoxic secondary metabolites isolated from the shoots of S. transiliensis belong to the coumarin series [3, [25] [26] [27] [28] . Coumarins are well known to have biological activity as fungicides, antifeedants, and insecticides [29] [30] [31] . Furthermore, both xanthotoxin and bergapten have been previously isolated by phytotoxicity-based bioassay-guided isolation from Ruta graveolens Phytotoxic furanocoumarins from Semenovia transiliensis Natural Product Communications Vol. 7 (10) 2012 1329 L. [32] . This previous study suggested that the mode of action of xanthotoxin and bergapten is associated with inhibition of cell division. This is not surprising, as furanocourmarins are known to bind DNA [33] [34] , making them generally cytotoxic and thereby unsuitable for use as pesticides. Nevertheless, the finding that S. transiliensis is rich in furanocoumarins has implications for understanding the chemical ecology of this species.
Experimental
Instrumentation and High resolution LC-MS analysis: NMR, Varian Inova 600 MHz spectrophotometer; High resolution mass spectra, Agilent 1100 HPLC coupled to a JEOL AccuTOF (JMS-T100LC). All isolated compounds were prepared in methylene chloride and injected directly into a 0.4 mL/min stream of a 20% H 2 O/80% MeOH solution containing 1 μg ml -1 L-tryptophan. Twenty μL of sample (approximately 0.1 mg mL -1 ) was injected manually at 0.5 min, while the mass drift compensation standard (Ltryptophan) was injected at 1. Based on a preliminary phytotoxicity bioassay, the CHCl 3 extract was selected for further investigation. The CHCl 3 phase (415.6 mg) was further purified using a Biotage 40+M column (40-63 μM, 60 Å, 40 × 150 mm) running at 40 mL/min using a n-hexane: mixture of EtOAc/n-hexane/acetone (in a ratio of 1.5/7.5/1 v/v/v), step gradient, beginning with 100:0 to 90:10 over 396 mL followed by 90:10 to 10:50 over 3300 mL and finishing with 50:100 with 600 mL and to 0:100 over 975 mL. Twenty-two mL column eluates were collected and recombined based on TLC similarities into 15 distinct fractions. (A, 1-11 Fraction G (26.9 mg) was further purified using a Biotage 25+M column (40-63 μM, 60 Å, 42× 150 mm) running at 25 mL/min using a mixture of solvent A, n-hexane/CHCl 3 7/2 v/v and solvent B, n-hexane/CHCl 3 /MeOH, 7/2/3 v/v. step gradient beginning with 0:100 for to 200 mL and 0-100 over 2400 mL and a100:0 over 600 mL. Twenty-two mL portions were collected and recombined based on TLC similarities into 2 sub-fractions, A, 20-24, 1.4 mg; and B, 25-27; 9.6 mg of white pure crystalline powders were found to be psoralen (1) and isopsoralen (2) .
Fraction H, was further purified using a Biotage 25+M column (40-63 μm, 60 Å, 25× 150 mm) running at 25 mL/min using a n-hexane (5.5): EtOAc /CHCl 3 / (3/1.5 v/v), step gradient beginning with 100:0 to 70:30 over 200 to 2400 mL, followed by 30-100 over 600 mL and finishing with 50:50 to 0:100 over 800 mL. Twenty-two mL portions were collected and recombined based on TLC similarities into 3 sub-fractions, A, 49-52, 4.2 mg and B, 53-55, 6.2 mg. Subfractions A and B were further purified using a normal phase semi preparative HPLC column (Zorbax, RX-Sil, 5 um, 4.6 x 250 mm) and running a linear gradient from 100:0 n-hexane: IPA to 99:1 n-hexane: IPA, which yielded heratomin (3, 3.9 mg) from fraction B as a pure, crystalline compound.
Fraction, J (41.1 mg) was further purified using a Biotage 25+M column (40-63 μm, 60 Å, 25× 150 mm) running at 25 mL/min using a n-hexane: CHCl 3 /EtOAc (3/1.5 v/v), step gradient beginning with 100:0 to 70:30 over 200 to 2450 mL, followed by 30-100 over 600 mL and finishing with 50:50 to 0:100 over 800 mL. Twentytwo mL portions were collected and recombined based on TLC similarities into 2 subfractions, A, 44-58, 10.3 mg and, B, 59-68, 19.6 mg. Subfraction B was further purified using a reversed phase C-18 semi preparative HPLC column running with a flow rate 4.7 mL/min isocratic conditions (n-hexane and IPA (1:1), which yielded compounds 4, isopentenyloxyisobergapten (4.6 mg), 5, (imperatorin) and 6, (bergapten) as pure compounds.
Subfraction K, was purified using a reversed phase C-18 semi preparative HPLC column (Zorbax, RX-Sil, 5 um, 9.4 x 250 mm) and running with a flow rate of 4.7/min under isocratic conditions (n-hexane and ethyl acetate (1:1), which yielded compound 7, (xanthotoxin) as a pure compound. Fraction M was pure compound 8 (heraclenin) (33.1 mg). Subfraction P was purified using a reversed phase C-18 semi preparative HPLC under isocratic conditions of n-hexane (25%) and ethyl acetate (75 %), which yielded compound 9 (heraclenol), 7.2 mg, as a pure white powder.
Bioassays with Lactuca sativa and Agrostis stolonifera:
Silica gel CC fractionation of the MeOH/CH 2 Cl 2 extract of the shoots of Semenovia transiliensis, guided by the phytotoxicity bioassay of Dayan et al [35] , led to the identification and isolation of the phytotoxic fractions. A filter paper (Whatman no. 1) and 5 mg of L. sativa seeds or 10 mg of A. stolonifera seeds were placed in each well of 24-well multiwell plates (Corning Inc., Corning, NY). Test fractions of DCM and MeOH were prepared by adding 20 μL of the concentrated dissolved compound directly to the filter paper and allowing it to completely dry prior to adding 200 μL of water. Test fractions were dissolved in DCM and mixed with distilleddeionized (DDI) H 2 O such that the final concentration of DCM was 3%. To each test well, 250 μL of the DDI H 2 O mixture was added. Only acetone and DDI H 2 O were added to each control well. Seeds of Lactuca sativa and Agrostis stolonifera were placed in each well. Plates were covered, sealed with Parafilm, and incubated at 26°C in a Conviron growth chamber at 173 μmol/m 2 /sec continuous light intensity. Phytotoxicity was qualitatively evaluated by visually comparing the amount of germination of the seeds in each well with the untreated controls after 7 days. The qualitative estimate of phytotoxicity was evaluated by using a rating scale of 0-5, where 0 is no effect and 5 is no germination or growth.
Bioassays with Lemna paucicostata:
The method of Michel et al. [23] was used. Briefly, L. paucicostata stocks were grown from a single colony consisting of a mother and two daughter fronds in a beaker on modified Hoagland media containing 1515 mg/L KNO 3 , 680 mg/L KH 2 PO 4 , 492 mg/L MgSO 4 ·7H 2 O, 20 mg/L Na 2 CO 3 , 1180 mg/L Ca(NO 3 ) 2 ·4H 2 O, 0.5 mg/L MnCl 2 , 0.025 mg/L CoCl 2 , 0.025 mg/L CuSO 4 ·5H 2 O, and 18.355 mg/L Fe-EDTA. The medium was adjusted to pH 5.5 with 1 M NaOH and filtered through a 0.2 µm filter. Each well of nonpyrogenic polystyrene sterile 6-well plates (CoStar 3506, Corning Inc., Corning, NY) was filled with 4950 µL of the Hoagland media mixed with 50 µL of DDI water, and 50 μL of either acetone with the appropriate concentration of test compound or 50 µL of EtOH with the appropriate concentration of test compound. The final concentration of acetone or EtOH was 1%. Two three-frond colonies from 4-to 5day old stock cultures were placed in each well. Total frond area per well was recorded by the image analysis system Scanalyzer (LemnaTec, Würselen, Germany) from days 0 to 4. Percent increase at days 1 to 4 was determined relative to baseline area at day 0.
